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Edited by Julian SchroederAbstract Coat proteins (CPs) of plant viruses are involved in
diﬀerent stages of the viral life cycle such as virion assembly, rep-
lication, movement, vector transmission, and regulation of host
defense responses. Here, we report that the CPs of two ﬁlamen-
tous RNA viruses, potato virus X (PVX, Potexvirus) and potato
virus A (PVA, Potyvirus) exhibit an enzyme activity. The CP
isolated from PVX virions possesses ATP-binding and ATPase
activities. Recombinant PVX and PVA CPs produced in Esche-
richia coli show Mg2+-dependent ATPase and UTPase activities
inhibited by antibodies against virus particles. Deletion of the
C-terminal regions of these proteins diminishes their ATPase
activity.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The primary function of the coat (capsid) proteins (CPs) of
plant viruses is encapsidation of viral genomic nucleic acids. In
most plant RNA viruses, CPs also play an essential role in viral
spread throughout the infected plants, i.e., in long-distance
transport through the vasculature and cell-to-cell movement
(for review, see [1,2]). Moreover, CP may participate in other
stages of the viral life cycle such as replication, vector transmis-
sion, and silencing suppression (for review, see [1,3,4]).
Although the viral genome structure and expression diﬀer
considerably in families Flexiviridae (includes Potexvirus)
and Potyviridae (includes Potyvirus), their CPs show weak
amino acid sequence similarity [5,6]. Furthermore, the CPs
encoded by viruses of these two families are required for virus
movement. Accordingly, the CPs and virions have been found
in plasmodesmata, specialized cell wall-traversing channels
recruited by viruses for transport between plant cells [7–14].
Other components of transport systems are dissimilar in Flex-
iviridae and Potyviridae. In addition to the CP, three move-
ment proteins (MPs) referred to as TGBp1, TGBp2, andAbbreviations: CP, coat protein; PVX, potato virus X; PVA, potato
virus A;MP, movement protein; TGB, triple gene block; IgG, immuno-
globulins
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[15], whereas the viral transport requires the helper compo-
nent-proteinase (HC-Pro) and the cylindrical inclusion protein
(CI) in potyviruses [13,14,16,17]. Interestingly, both virus gen-
era encode viral NTPases/helicases involved in virus cell-to-cell
movement [15,18].
The proposed role of virus particles as a transport-compe-
tent form of the ﬁlamentous virus genomes has not been pro-
ven yet [8,18]. On the other hand, analyses of CP mutants show
that the virion formation is not suﬃcient for eﬀective function-
ing of cell-to-cell and long-distance transport systems, suggest-
ing additional movement-related activities of the CP molecules
[10–12,19,20]. Importantly, transient complementation studies
showed that the CPs of potex- and potyviruses share some (yet
unknown) function(s) necessary for the transport process
[20,21].
In this paper, we studied the in vitro biochemical activities of
the CPs of members of the genera Potexvirus (potato virus X,
PVX) and Potyvirus (potato virus A, PVA). The PVX and
PVA CPs were shown to possess Mg2+-dependent NTPase
activity.2. Materials and methods
2.1. Isolation and puriﬁcation of PVX virions from infected plants
Leaves of infected Datura stramonium plants (25–30 days after inoc-
ulation) were frozen at 20 C, homogenized in a Waring blender in
buﬀer containing 0.3 M glycine-KOH and 1% Na2SO3, pH 7.5, were
strained through two layers of cheese cloth, and centrifuged at
12000 rpm for 30 min. The supernatant was ﬁltered through a Mira-
cloth ﬁlter and, after addition of Triton X-100 to a ﬁnal concentration
of 1%, allowed to stand for 20 min. Then polyethylene glycol (Mr 6000)
and NaCl were added to ﬁnal concentrations of 5% and 2%, respec-
tively. The solution was incubated at 4 C for 2 h or overnight, centri-
fuged at 10000 · g for 30 min, and the virus particles were extracted
twice from the pellet with buﬀer A (25 mM Tris/HCl, pH 8.0) by stir-
ring for 1–2 h. The extract was centrifuged at 10000 · g for 20 min and
the supernatant was ultracentrifuged at 35000 rpm for 90 min (Ti-60
rotor, Beckman L5-50). The virus pellet was resuspended with a glass
homogenizer in buﬀer A until completely free of lumps and loaded
onto 2 ml of 30% sucrose cushion in tubes for Ti-50 rotor and centri-
fuged at 40000 rpm for 2.5 h (Beckman L5-50). The virus pellet was
dissolved in buﬀer A. All manipulations were carried out at 4 C.
To obtain PVX CP, a suspension of virus particles was supple-
mented with 2 M LiCl, left at 20 C for two days, and centrifuged
at 10000 · g for 15 min. The CP-containing supernatant was recentri-
fuged and dialyzed against 10 mM Tris/HCl (pH 7.5).
The isolation and puriﬁcation of TMV virions from infected plants
was performed as described in [22]. Brieﬂy, wild type (U1) TMV
was propagated on N. tabacum var. Samsun at 24 C. The virus wasblished by Elsevier B.V. All rights reserved.
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2 mM EDTA and puriﬁed by chloroform–butanol extraction, polyeth-
ylene glycol (Mr 6000) precipitation, and several cycles of diﬀerential
centrifugation (90 min at 32000 rpm in a SW50.1 rotor, Beckman
L5-50, and 20 min at 12000 rpm in a JA20 rotor, Beckman J2-20).
Anti-PVX, anti-PVA, and anti-TMV antibodies were obtained by
standard rabbit immunization with puriﬁed virion preparations
and the fraction of immunoglobulins (IgG) was puriﬁed as described
previously [23].
2.2. Construction of recombinant clones
For expression of the recombinant PVX CP, the PVX CP gene was
ampliﬁed by PCR from a full-length PVX cDNA clone. The PCR
product was digested with NcoI and BamHI and cloned into similarly
digested pQE30 plasmid (QIAGEN). A frameshift mutant DCfsCPPVX
(with 18 C-terminal amino acids replaced with a non-viral amino acid
sequence), previously characterized in vivo [20], was generated by par-
tial digestion of the PVX CP gene with XhoI, ﬁlling in by Klenow
enzyme, and religation. To obtain deletion mutant of PVX CP –
DC18CPPVX, expression clone PQE-cpPVX, carrying the PVX CP gene
and coding for a protein with 6-His-tag on the N-terminus, was
digested with EcoRI and XhoI, and the resulting fragment was intro-
duced into similarly digested pQE30 plasmid. The plasmid
pQE-cpPVA containing an N-terminal 6-His-tagged PVA CP gene
was kindly provided by Dr. A. Merits (Institute of Biotechnology,
Viikki Biocenter, University of Helsinki, Finland). A mutant
DC49CPPVA (with 49 C-terminal amino acids deleted) was generated
by cloning of an EcoRI/PstI fragment of expression vector
pQE-cpPVA into similarly digested pQE30 plasmid.
2.3. Expression and puriﬁcation of histidine-tagged CPs and their mutant
forms
E. coli strain M15 transformed with the recombinant vectors was
grown at 37 C in liquid medium until OD600 of 0.8–0.9 was reached.
Expression of the proteins was induced with 1 mM IPTG followed by
growth for 2–4 h at 37 C. The puriﬁcation of recombinant proteins
from cultures was performed following the general procedure de-
scribed by the manufacturers instructions (QIAGEN) for denaturing
Ni-NTA chromatography.
2.4. Cross-linking of ATP to PVX CP
[a-32P] ATP (6000 Ci/mmol; 1 lCi per probe) was incubated on ice
with 1–1.5 lg of the PVX CP for 20 min in reaction buﬀer containing
10 mM Tris/HCl, pH 8.0, 10% glycerol, 1 mM DTT, and 5 mM
MgCl2. Samples were UV-irradiated in a Stratalinker 1800 unit as de-
scribed elsewhere [24], heated with an equal volume of 2· Laemmli
sample buﬀer, and separated by SDS–PAGE. Proteins were visualized
by autoradiography of the dried gels.
2.5. NTP hydrolysis assay
The reaction mixture contained 10 mM Tris/HCl, pH 8.0, 10% glyc-
erol, 1 mM DTT, 5 mM MgCl2, 1 lCi [c-
32P]ATP (6000 Ci/mmol) or
1 lCi [c-32P]UTP (3000 Ci/mmol), and 20–500 ng of protein in a ﬁnal
volume of 10 ll. When indicated, various NTPs, IgG, or chlorides of
divalent cations (instead of MgCl2, at the same concentration) were
added to the reaction mixture. Samples were incubated for 1 h at
37 C and the reaction was stopped by the addition of EDTA to a ﬁnal
concentration of 20 mM. To estimate NTPase activity, unreacted NTP
was precipitated by addition of 200 ll of 7.5% activated charcoal in
50 mM HCl and 5 mM H3PO4; the mixtures were vortexed and al-
lowed to stand for 5 min, charcoal was removed by centrifugation
for 10 min, and a half of the supernatant was analyzed by Cherenkov
counting of free 32Pi released by hydrolysis of labeled NTP [24]. The
sample incubated without protein was used as a negative control.
The total sample activity without incubation and precipitation proce-
dure (minus a negative control sample) was taken as 100%. NTPase
activity of proteins was expressed as relative activity (% hydrolysis of
32P-labeled substrate).
Kinetic parameters of ATP hydrolysis were measured in the linear
phase of the reaction as described in [25,26]. The reaction mixture,
which contained 10 mM Tris/HCl, pH 8.0, 10% glycerol, 1 mM
DTT, and 5 mM MgCl2, was supplemented with 200 ng of the PVX
CP or 400 ng of the PVA CP, ATP (from 1 to 65 lM), and 1 lCi(8 nM) [c-32P]ATP. After 30 min incubation, ATP hydrolysis was ana-
lyzed using the activated charcoal method as described above. The
experiment was repeated four times. Assuming that cold ATP and
radiolabeled ATP are hydrolyzed at the same rate, the degree of
[c-32P]ATP hydrolysis was taken as the degree of unlabeled ATP
hydrolysis. Multiplying this degree by the amount of ATP in each sam-
ple (the amount of radiolabeled ATP was neglected), we achieved the
amount of ATP hydrolyzed in each sample. Dividing the amount of
the ATP hydrolyzed in each sample by the time of reaction, we
achieved v (reaction velocity) at each substrate concentration. v was
plotted versus ATP concentration. The Lineweaver–Burke double-
reciprocal plots were then used to calculate Km and Vmax of ATP
hydrolysis.3. Results
3.1. PVX CP isolated from virions demonstrates ATP binding
and ATPase activities
The role of PVX CP in virus cell-to-cell movement involves
protein function(s) other than encapsidation; hence, the CP
may have some functions of viral MPs [15,21]. MPs of diﬀerent
plant viruses are known to have rNTP-binding activity [27–32].
Therefore, we studied whether the PVX CP is able to bind
rNTPs. For these experiments, the CP was isolated from
PVX virions. Typically, such PVX CP preparations contain
two protein forms, the full-length Ps form and the Pf form
which lacks 24 N-terminal amino acids as a result of natural
proteolysis during isolation and storage [33]. The UV-cross-
linking assay revealed the ability of both Ps and Pf forms of
the PVX CP to eﬀectively bind [a-32P]ATP (Fig. 1A). Since
ATP-binding proteins often have ATPase activity too, the
PVX CP was tested for the ability to hydrolyze rATP. After
incubation of the protein with [c-32P]ATP, the percentage of
hydrolyzed ATP was determined using activated charcoal.
This experiment revealed ATPase activity of the PVX CP
(Fig. 1B).
Moreover, we found that PVX virion preparations also
exhibited ATPase activity (Fig. 1B). No detectable ATPase
activity was found for preparations of tobacco mosaic virus
(TMV) virions puriﬁed from plant extracts either by the meth-
od routinely employed for TMV isolation (Fig. 1B) or by the
PVX isolation procedure used in this paper (data not shown).
These data could indicate that plant cellular ATPases were
likely absent from the PVX virion preparations. PVX-speciﬁc
IgG (but not TMV-speciﬁc IgG) substantially inhibited this
virion activity (Fig. 1C). As reported previously, PVX TGBp1,
the PVX MP with NTPase/helicase activity [34,35], is associ-
ated with one end of PVX ﬁlamentous virions in vitro [36].
Accordingly, Western blot analysis with a TGBp1-speciﬁc
antibodies demonstrated the presence of a minor amount of
the TGBp1 in preparations of PVX virions (our unpublished
data). To determine whether the observed ATPase activity of
PVX virion preparation was due to the found enzymatic func-
tion of the CP or to the activity of the TGBp1, anti-PVX virion
or anti-TGBp1 IgG were added to the ATPase assay reaction.
It was found that the ATPase activity of virions was only par-
tially suppressed by TGBp1-speciﬁc IgG, while IgG against
PVX virions severely inhibited the virion activity (Fig. 1C).
In the control, TGBp1-speciﬁc IgG completely suppressed
ATPase activity of recombinant TBGp1 (data not shown).
Importantly, the virion-speciﬁc IgG had no cross-reactivity
with TBGp1 and healthy plant extract proteins, and the
TGBp1-speciﬁc IgG had no cross-reactivity with PVX CP
Fig. 1. ATP binding and ATPase activity of the wild-type PVX CP and PVX virions. (A) UV-crosslinked binding of [a-32P]ATP to the PVX CP.
Samples containing 1 lg of the PVX CP isolated from the virion were incubated on ice with [a-32P]ATP for 20 min. [a-32P]ATP was UV crosslinked
to the CP. The samples were analyzed by SDS–PAGE, gels were dried, and proteins were visualized by autoradiography. Lanes: 1, PVX CP isolated
from virus particles (Coomassie blue staining); the mobilities of two forms of PVX CP, the full-length Ps form and the truncated Pf form, are
indicated; 2–3, autoradiograph of the PVX CP incubated with [a-32P]ATP after or without UV-crosslinking. (B) Comparison of ATPase activities of
the virion-derived PVX CP as well as PVX and TMV virions. Samples containing 1–4 lg of protein were incubated for 1 h at 37 C and analyzed as
described in Section 2. The reaction product, free radioactive Pi, was measured by Cherenkov counting after unreacted [c-
32P]ATP was precipitated
by the addition of activated charcoal in the presence of excess unlabeled Pi. Relative NTPase activity of proteins is presented (% hydrolysis of
32P-
labeled substrate). (C) Inhibition of ATPase activity of the PVX virion by immunoglobulins (IgG). Anti-PVX virion IgG, anti-TGBp1 IgG, or anti-
TMV virion IgG were added to the ATPase reaction samples containing PVX virions (2 lg of protein).
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the detected PVX virion ATPase activity can be at least in part
attributed to the viral CP, which therefore retains its enzymatic
activity when included into virus particles.
3.2. Mg2+-dependent ATPase activity of recombinant PVX CP
To further investigate the PVX CP ATPase activity, we used
the recombinant 6-His-tagged protein overexpressed in E. coli
and puriﬁed by aﬃnity chromatography on Ni-NTA agarose
(Fig. 2A). The recombinant CP exhibited signiﬁcant ATPase
activity. Fig. 2B shows the percentage of [c-32P]ATP hydro-
lyzed by the CP plotted against the CP concentration. Up to
80–90% of [c-32P]ATP can be hydrolyzed by 150 ng of the pro-
tein within 1 h. ATPase activity of recombinant PVX CP was
drastically suppressed by IgG against PVX virions but not by
IgG against TMV virions (Fig. 2C). These results indicated
that the observed ATPase activity was an intrinsic property
of the PVX CP, and was not due to contaminating bacterial
proteins.
Further experiments examined the inﬂuence of diﬀerent
divalent cations on ATPase activity of the PVX CP. CaCl2,
MnCl2, ZnCl2, or CuCl2 were added to the reaction mixture in-
stead of MgCl2 (used in the standard reaction). No ATPase
activity was detected in the presence of EDTA. All tested cat-
ions stimulated ATPase activity of the CP, and Mg2+ had the
most pronounced eﬀect (Fig. 2D).
The kinetic parameters of the PVX CP for ATP hydrolysis
were determined as described in Section 2. Km of ATP hydro-
lysis, calculated from the Lineweaver–Burke double-reciprocal
plots, was 7 lM, with an apparent Vmax of 5 nmol min
1 mg1
of the PVX CP.
The C-terminally truncated PVX CP with a frame-shift
mutation to encode 219 (out of the 237) amino acids plus 10
non-viral amino acids proved unable to support virus cell-to-cell movement [20]. To test whether this mutation also aﬀected
the ATPase activity, the truncated mutant (referred to as
DCfsCPPVX) was expressed in E. coli and puriﬁed by aﬃnity
chromatography on Ni-NTA agarose (Fig. 2A). The ATPase
assay revealed that DCfsCPPVX hydrolyzed less than 10% of
ATP (Fig. 2B). Additionally, we constructed the CP mutant
DC18CPPVX with a stop codon that truncated the C-terminus
of the protein by 18 amino acids. The ATPase assay carried
out with the puriﬁed DC18CPPVX (Fig. 2A) demonstrated that
this mutant hydrolyzed up to 30% of ATP (Fig. 2B). These
data further support that the observed ATPase activity was
due to the CP but not to contaminating cellular proteins.
3.3. The recombinant PVA CP exhibits Mg+2-dependent
ATPase activity
The CPs of two potyviruses, potato viruses A and Y, have
been shown to complement the cell-to-cell movement of the
PVX CP mutant lacking 18 C-terminal amino acids [20,21].
The recombinant 6-His-tagged PVA CP, overexpressed in
E. coli and puriﬁed by Ni-NTA chromatography, was used
to study whether potyviral CPs, which are distantly related
in amino acid sequence to potexviral CPs [5,6], also have ATP-
ase activity (Fig. 3A). Under standard reaction conditions, the
PVA CP demonstrated ATPase activity (Fig. 3B). ATPase
activity of the PVA CP was inhibited by speciﬁc (anti-PVA vir-
ion) but not by non-speciﬁc (anti-TMV virion) antibodies
(Fig. 3C). The PVA CP activity was lower than that of the
PVX CP: within 1 h of incubation, 150 ng of the PVA and
PVX CP hydrolyzed up to 40–45% and 80–90% of total
[c-32P]ATP, respectively. This observation was conﬁrmed
by the diﬀerence of apparent Vmax values: 1.5 and
5 nmol min1 mg1, respectively. At the same time, the Km
of ATP hydrolysis was 7 lM for both CPs, which indicated
their similar aﬃnity to ATP. The inﬂuence of diﬀerent divalent
Fig. 2. Characterization of ATPase activity of the recombinant PVX CP. (A) SDS–PAGE analysis of the wild-type PVX CP isolated from virus
particles (two forms), the recombinant PVX CP and its mutant (frame-shift, DCfsCPPVX, and deletion, DC18CPPVX) variants puriﬁed from E. coli.
The sizes of molecular weight markers are shown at the left side. (B) Comparison of ATPase activities of the full-length PVX CP and its mutants,
DCfsCPPVX and DC18CPPVX. (C) Inhibition of ATPase activity of the PVX CP by speciﬁc immunoglobulins (IgG). Anti-PVX virion IgG and anti-
TMV virion IgG were added at indicated concentrations to the reaction mixtures containing 60 ng of the CP. (D) Eﬀect of various divalent cations on
ATPase activity of PVX CP. 80 ng of the CP were incubated in standard reaction mixtures containing 5 mM of the indicated divalent cations as
chlorides.
Fig. 3. ATPase activity of the recombinant PVA CP. (A) Analysis of the recombinant PVA CP and its mutant lacking 49 C-terminal amino acids
(DC49CPPVA) puriﬁed from E. coli by SDS–PAGE. The sizes of molecular weight markers are shown at the left side. The position of the PVA CP
trimer is indicated. (B) Comparison of ATPase activities of the full-length PVA CP and mutant DC49CPPVA. The ATPase assay was performed under
standard conditions. (C) Inhibition of ATPase activity of the PVA CP by speciﬁc IgG. Anti-PVA virion IgG and anti-TMV virion IgG were added at
indicated concentrations to the reaction mixtures containing 150 ng of protein. (D) Eﬀect of various divalent cations on ATPase activity of PVA CP.
150 ng of the CP were incubated in the reaction mixtures containing 5 mM of the indicated divalent cations as chlorides.
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CPs, except that the PVA CP activity was only slightly stimu-
lated by Ca2+ (Fig. 3D).To analyze the role of the C-terminal region of PVA CP in
ATPase activity, a mutant which lacked the 49 C-terminal res-
idues (DC49CPPVA) was constructed, expressed in E. coli, and
Fig. 4. Inhibition of ATPase activity of the PVX and PVA CPs by
various NTPs and UTPase activity of the recombinant CPs. (A)
Inhibition of ATPase activity of the PVX CP by rNTPs and dNTPs
added to the reaction mixtures containing 40 ng of the CP. (B)
Inhibition of ATPase activity of the PVA CP by rNTPs and dNTPs
added to the reaction mixtures containing 150 ng of the protein. (C)
UTPase activity of the PVX and PVA CPs.
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reduced ATPase activity in comparison with the full-length
PVA CP (Fig. 3B).
3.4. The PVX and PVA CPs are NTPases
To examine the inﬂuence of diﬀerent rNTPs and dNTPs on
the PVX CP ATPase activity, increasing concentrations of
each unlabeled NTP were added to the ATPase reaction mix-
tures. All rNTPs inhibited the hydrolysis of [c-32P]ATP with a
similar eﬃciency, while the eﬀect of dNTPs was small
(Fig. 4A). Similar results were obtained for the PVA CP: al-
most no inhibition of the [c-32P]ATP hydrolysis was observed
in the presence of unlabeled dNTPs, whereas rNTPs inhibited
the hydrolysis (Fig. 4B).
The competition experiments suggest that the PVX and PVA
CPs are able to hydrolyze rNTPs but not dNTPs. Therefore,
we studied their UTPase activity in the standard NTPase
assay. Both recombinant CPs were able to hydrolyze
[c-32P]UTP with the eﬃciency similar to that of ATP hydroly-
sis (Fig. 4C). Thus, the CPs can hydrolyze both the purine tri-
phosphate ATP and the pyrimidine triphosphate UTP. Taken
together, these results indicate that the PVX and PVA CPs
possess rNTPase activity.4. Discussion
Coat proteins (CPs) of plant RNA viruses are involved in
several stages of the viral life cycle such as virion assembly,
replication, movement, vector transmission, and regulation
of host defense responses [1,3,4]. In this paper, we demonstratethat CPs of plant RNA viruses can have an enzyme activity.
We found that the CPs encoded by two genera of viruses with
ﬂexuous ﬁlamentous particles, PVX (Potexvirus) and PVA
(Potyvirus), exhibited Mg2+-dependent ATPase and UTPase
activities. The Km values of the PVX and PVA CPs calculated
for ATP hydrolysis were similar (7 lM). In addition, PVX
virus particles and PVX CP isolated from these particles could
bind and hydrolyze ATP although with a lower eﬃciency than
the recombinant PVX CP.
While the location of the enzyme active site could not be
predicted based on the amino acid sequences of the CPs of
ﬁlamentous viruses, the data obtained demonstrate that the
C-terminal region of the PVX and PVA CPs may play an
important role in the maintenance of the protein enzymatic
core. The deletions of 18 C-terminal amino acids of the PVX
CP (DC18CPPVX) and of 49 C-terminal residues of the PVA
CP (DC49CPPVA) likely destabilized the overall CP structure
and considerably decreased the ATPase activity (Figs. 2B,
3B). We suggest that the CP C-terminal sequence is not a
major part of the NTPase active site, but can aﬀect its proper
conformation. This conclusion is supported by a much lower
ATPase activity of DCfsCPPVX, with the 18 C-terminal amino
acids replaced by a heterologous sequence, as compared to
DC18CPPVX (Fig. 2B).
The functional role(s) of ATPase activity of PVX and PVA
CPs in viral infection is obscure. As suggested previously, the
ATP-binding and ATP hydrolysis could be involved in
cell-to-cell movement of viral genomes either at the stage of
intracellular transport to plasmodesmata or at the stage of
translocation of the viral genome-containing complex through
plasmodesmal microchannels, which can be accompanied by
energy-dependent complex disassembly or rearrangement
[15]. ATPase activity of free CP molecules can also be required
at other stages of the virus life cycle. Further studies of the bio-
logical role of the ATPase activity described for the CPs of ﬁl-
amentous plant viruses will require mapping of the ATPase
active site and analysis of ATPase-deﬁcient CP mutants. A
pair of positively and negatively charged residues, conserved
in the CPs of ﬁlamentous viruses and previously proposed to
form a salt bridge important for the CP structure stabilization
[5], can be considered as possible structural elements of the ac-
tive site (E.V. Koonin, personal communication).
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